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RETThe spermatogenic and oogenic lineages originate frombipotential primordial germ cells in response to signalling
in the foetal testis or ovary, respectively. The signals required formale germ cell commitment and their entry into
mitotic arrest remain largely unknown. Recent data show that the ligand GDNF is up regulated in the foetal testis
indicating that it may be involved in male germ cell development. In this study genetic analysis of GDNF-RET
signalling shows that RET is required for germ cell survival. Affected germ cells in Ret−/−mice lose expression
of key germ cell markers, abnormally express cell cycle markers and undergo apoptosis. Surprisingly, a similar
phenotype was not detected in Gdnf−/− mice indicating that either redundancy with a Gdnf related gene
might compensate for its loss, or that RET operates in a GDNF independent manner in mouse foetal germ cells.
Either way, this study identiﬁes the proto-oncogene RET as a novel component of the foetal male germ cell
development pathway.
Crown Copyright © 2012 Published by Elsevier Inc. All rights reserved.Introduction
In the mouse, male sex determination and the initiation of testis
development occurs at embryonic day (E) 11.5 with the onset of Sry
(Sex Region, Y chromosome) expression in the bipotential gonad
(Gubbay et al., 1990; Koopman et al., 1991). After sex determination
the differentiating testicular somatic cells provide signals inducing
male commitment of the germ cell lineage and by E12.5 the majority
of germ cells have committed to spermatogenesis (Adams and
McLaren, 2002). Between E12.5 and E14.5 the male germ cells enter
G1/G0 mitotic arrest, which involves the up regulation of the G1-S
cell cycle inhibitors p15INK4B, p27KIP1 and activation of the G1-S
phase checkpoint protein Retinoblastoma (Western et al., 2008).
Consistent with this, foetal germ cells in Retinoblastoma null mice
fail to properly regulate mitotic arrest (Spiller et al., 2009). Although
it is well established that male germ cell commitment relies on cues
from the somatic environment, the pathways that regulate male
germ cell commitment and mitotic arrest remain largely unknown.
Recent data has shown that FGF signalling is important for male
germ cell survival and that the balance between Fgf9 (ﬁbroblast
growth factor 9) transcription and RA inﬂuences male/female germ
cell fate (Barrios et al., 2010; Bowles et al., 2010; DiNapoli et al.,
2006).estern).
12 Published by Elsevier Inc. All righThe Glial cell line derived neurotrophic factor (GDNF) family of
ligands (GFLs) are members of the transforming growth factor
(TGF) beta protein super-family. GDNF binds to GDNF family receptor
α 1 (GFRa1), which then forms a homodimer (Airaksinen and
Saarma, 2002). This complex signals through rearrangement during
transfection proto-oncogene (RET). Gdnf is expressed at high levels in
SF1 (steroidogenic factor 1; ofﬁcially known as Nr5a1) positive cells of
the developing mouse testis during the time of sex determination, but
its expression in the developing ovary is low (Beverdam and Koopman,
2006; Nef et al., 2005). Despite this the putative role of GDNF in foetal
testis development remains unknown. Loss of GDNF signalling or its re-
ceptor, RET, does not result inmale to female sex reversal, indicating that
GDNF-RET signalling is not required to determine somatic sex (Enomoto
et al., 2001; Moore et al., 1996; Pichel et al., 1996; Sánchez et al., 1996).
In the postnatal mouse testis GDNF signalling is important for
establishment of the spermatogonial stem cell (SSC) population. It is
well established that homozygous loss of Gdnf or Ret results in neonatal
lethality in mice (Enomoto et al., 2001; Moore et al., 1996; Pichel et al.,
1996; Sánchez et al., 1996). However, transplantation of day 0 Ret−/−
orGdnf−/−null testes into normal recipientmice revealed a lack of SSC
proliferation and self renewal in the transplanted testes resulting in a
severe reduction of SSC's by postnatal day 7 (Naughton et al., 2006).
Furthermore, GDNF haploinsufﬁciency in heterozygous null mice
results in impaired spermatogonial stem cell self-renewal and eventual
loss of the stem cell population. By contrast, over expression of GDNF
promoted SSC self-renewal, inhibited SSC differentiation and led to
formation of testicular tumours in 6–12 month old mice (Meng et al.,
2000, 2001).ts reserved.
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pression of key components regulating pluripotency including OCT4,
Sox2 andNanog (Western et al., 2010; Yamaguchi et al., 2005). Reactiva-
tion of pluripotency occurs in germ cell derived type one and two testis
cancers in humans and during the formation of teratomas in mice
(Kimura et al., 2008; Krentz et al., 2009; Oosterhuis and Looijenga,
2005). Although no phenotype has been attributed to loss of GDNF or
RET in the foetal testis, germ cell deletion of the transcription factor
Dmrt1 (doublesex and mab-3 related transcription factor 1) resulted in
an 8 fold down regulation of Ret expression in E13.5 testes, maintained
expression of OCT4, SOX2 and NANOG within clusters of embryonal
carcinoma cells and formation of teratomas (Krentz et al., 2009).
For the ﬁrst time we explore the role of GDNF-RET signalling in the
foetal testis. We ﬁnd that the GDNF ligand is expressed by the somatic
cells of the developing testis whilst its receptor, RET, is expressed al-
most exclusively in male germ cells, which are entering mitotic arrest.
By analysing both Gdnf−/− and Ret−/− mice we provide evidence
that although RET is required for germ cell survival, germ cells in Gdnf
−/− foetal testes survive and differentiate with no phenotype detected
in the foetal testis. At E15.5 the cords of Ret−/− testes contain germ
cells that no longer express the germ cell marker MVH, but maintain
the expression of the proliferation marker KI-67 and retain p27KIP1
that is abnormally localised within pyknotic nuclei. Further analysis of
the germ cell population in Ret−/−mice indicates that these abnormal
germ cells undergo apoptosis, demonstrating that RET is required for
male foetal germ cell survival. This study also provides data supporting
the conclusion that signalling through RET ismediated by a ligand other
than GDNF in foetal germ cells.
Materials and methods
Animals used
Mice used in all experiments were derived from OG2 (Oct4-GFP;
octamer-binding transcription factor 4, also known as Pou5f1) transgen-
icmale (C57BL/6)×CD1 female, heterozygous RET (C57BL/6), or hetero-
zygous GDNF (C57BL/6) matings. Gdnf +/− and Ret+/− mice were
originally generated by Pichel et al., and Enomoto et al., respectively
(Enomoto et al., 2001; Pichel et al., 1996). The presence of a vaginal
plug in the morning was used to indicate mating and was recorded as
E0.5. All animal procedures were carried out under Murdoch Childrens
Research Institute Animal Ethics Committee or Monash University
Animal Ethics approvals.
Fluorescent activated cell sorting (FACS)
Cell sorting and RNA preparation were done as described (Western
et al, 2008). Brieﬂy, gonads fromOct4-GFP transgenic embryoswere dis-
sected into PBS. PBS was removed, samples were resuspended in 0.25%
Trypsin and incubated for 10 min at 37 °C. 500 μl DMEM containing
10% foetal calf serum was added and samples were pipetted to obtain
a single cell suspension and passed through a cell strainer into a fresh
tube. Cells were collected by centrifugation at 3500 rpm for 3 min in a
ﬁxed angle centrifuge, rotated 180° and spun again for a further 2 min.
Supernatant was removed and samples were resuspended in 400 μl
DMEM with 10% foetal calf serum and put on ice. Oct4-GFP positive
cells (germ) and negative (somatic) were separated on a MoFlo XDP
Cell Sorter. The resulting germ and somatic cells were centrifuged at
3500 rpm for 5 min 3 times in a ﬁxed angle rotor. To maximise cell
recovery tubes were rotated 180° between each spin.
RNA extraction, ampliﬁcation and qRT-PCR
At least 100,000 cells were used per RNA extraction. RNA was
extracted using an RNeasy Micro Kit according to manufacturer's in-
structions. RNA quantity was analysed using the Nanodrop ND1000spectrophotometer and integrity analysed using the RNA 6000 Pico
Chip Kit (Agilent Technologies) and anAgilent 2100 Bioanalyser (Agilent
Technologies) according to the manufacturer's instructions. Only
samples with a RNA Integrity Number above 9 were used. Samples
were stored at −80 °C until further use. RNA was ampliﬁed using an
Ambion Amino Allyl MessageAmp™ aRNA Ampliﬁcation Kit (Ambion®)
according to themanufacturer's instructions. RNA quantitywas analysed
using the Nanodrop ND1000 spectrophotometer. Ampliﬁed RNA was
reversed transcribed using Transcriptor High Fidelity cDNA Synthesis
Kit (Roche) according to the manufacturer's instructions.
Quantitative real time PCR was performed using LightCycler 480
Probes Master with detection based on the Universal Probe Library sys-
tem. 1 ng of cDNA was ampliﬁed with a LightCycler 480 real time PCR
machine. Runs were conducted over 45 cycles of 95 °C for 10 s and
60 °C for 30 s. Primer and UPL Probe set are in Supplementary Table
S1. Results were analysed using LightCycler 480 software (Roche) and
relative expression levels were determined by normalisation against
veriﬁed reference genes Canx andMapk1 (van den Bergen et al., 2009).
Each sampling point (E12.5–E15.5) and tissue (germ and somatic
cells) were analysed in biological triplicate and PCRs performed in
technical duplicate.
Flow cytometry
2 h prior to collection pregnant mice were injected intraperitoneally
with 10 mg/kg 5-ethynyl-2′deoxyuridine (EdU) in PBS (Invitrogen).
Gonads from embryos, with or without mesonephros, were collected
into PBS under sterile conditions. PBS was removed and samples were
resuspended in 0.25% Trypsin. Samples were incubated for 10 min at
37 °C, 500 μl DMEM with 10% foetal calf serum was added and samples
were pipetted to obtain a single cell suspension. Samples were centri-
fuged at 3500 rpm for 3 min, rotated and spun again for a further 2
min. Supernatant was removed and samples were ﬁxed and stained
according to the manufacturer's instructions for the Click-iT EdU Alexa
Fluor 647 Flow Cytometry Assay Kit (Invitrogen). Antibody concentra-
tions are listed in Supplementary Table S2. Prior to ﬂow cytometric
analysis sampleswere centrifuged and resuspended in 500 μl permwash
containing 10 μl propidium iodide (10 mg/ml) and 25 μl RNase (5 mg/
ml). Samples were analysed in biological triplicate on a LSRII using
FACS Diva software.
Immunoﬂuorescence
Gonads from embryos were dissected into PBS. PBS was removed
and samples were resuspended in 4% PFA for up to1 h. Gonads were
set in a mould containing optimal cutting temperature frozen on dry
ice and stored at−80 °C. Tissuewas cut at 10 μmand placed onto slides
to dry for 15 min. Sectionswere circledwith an ImmEdge Pen™ (Vector
Laboratories) and slides placed into PBS. Tissuewas permeabilised in 1%
Triton-X-100 in PBS for 10 min then washed in PBS for 10 min. Slides
were blocked in 5% BSA in PBS for 1 h at room temperature. Excess
blocking solution was discarded and replaced with primary antibody
diluted to correct concentration (Supplementary Table S2) in 1% BSA
in PBS overnight at 4 °C. Slides were washed three times in PBS for
10 min. Secondary antibodies were diluted (Supplementary Table S3)
in 1% BSA in PBS and incubated on the sections for 1–2 h at room tem-
perature. Slideswerewashed 1–2 min in PBS.Where theMVH antibody
was used with another rabbit raised antibody, the MVH antibody was
detected using Zenon Alexa Fluor 594 Rabbit IgG Labeling Kit (Invitro-
gen) according to manufactures instructions. Antibodies were removed
and slides were immersed in 200 ml PBS containing 0.1 ng/ml DAPI for
10 min at room temperature. Slides werewashed in PBS three times for
10 min. Excess PBS was removed and cover slips were mounted using
2–3 drops of Fluorsave (Calbiochem). Images were obtained using a
Leica TCS SP2 confocalmicroscope. Immunoﬂuorescencewas replicated
using at least 5 individual gonad samples.
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Apoptosis was assessed in 10um frozen gonad sections using the in
situ Cell Death Detection Kit, Fluorescein (Roche). Slides were de-
identiﬁed and TUNEL positive cells counted by a third party to eliminate
the possibility of bias. The average number of TUNEL positive germ cells
was calculated after analysing three gonad pairs per genotype, with at
least 29 sections counted per gonad pair (WT n=109, Ret−/−
n=135, Gdnf −/− n=120). Statistical signiﬁcance was determined
using the Student's t-test. Sections were stained with DAPI and GATA4
or DPPA4 antibodies. TUNEL positive cells within the testis cord interior
were counted as germ cells.Results
Expression of Gdnf, Ret and its co-receptors in the developing testis
Previous studies have shown that Gdnf is expressed by the somatic
cells in the embryonic testis (Beverdam and Koopman, 2006; Nef et
al., 2005). To conﬁrm this qRT-PCR was used to analyse the expres-
sion of Gdnf in GFP positive (germ cells) and negative (somatic
cells) fractions isolated by FACS from the gonads of E12.5 to E15.5
Oct4-GFP transgenic mice. At E12.5 Gdnf expression was at least 18
fold higher in the male somatic cell population compared to the
male germ cells at any of the stages analysed and more than 20 fold
higher levels in male somatic cells than in female somatic cells
(Fig. 1). This high expression level was maintained in male somatic
cells until E15.5. As Gdnf expression was speciﬁc to the male somatic
cells, qRT-PCR was used to analyse the expression of the Gdnf recep-
tor Ret, and its co-receptors Gfra1 and Gfra2 in male somatic and
germ cells. Ret was expressed in the male germ cell population from
E12.5–E15.5 at levels 7 to 33 fold higher than the somatic cell popu-
lation. At E12.5 Gfra1 was highly expressed in the testicular somatic0
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Fig. 1. Gdnf is expressed in the somatic cells whilst Ret is expressed in the germ cells of the d
puriﬁed E12.5–E15.5 male germ cells (light blue), female germ cells (light pink), male soma
Mapk1 and Canx. Error bars represent standard error of three biological replicates.cells but was low in germ cells. However, at E13.5 somatic cell expres-
sion of Gfra1 was reduced 6 fold to levels similar to those detected in
germ cells. In contrast expression of Gfra1 was up regulated in E13.5
to E15.5 male germ cells so that by E15.5 Gfra1 expression was 4
fold higher in the male germ cell population than in male somatic
cells. Gfra2 was expressed at relatively abundant levels in E12.5 to
E15.5 somatic cells. The germ cell population maintained low levels
of Gfra2 expression between E12.5 and E14.5, however, by E15.5 its
expression in germ cells was up regulated to levels similar to those
detected in male somatic cells (Fig. 1).Ret−/− testis cords contain aberrant cells that do not express germ cell
markers
As the expression analysis indicated that GDNF-RET signalling was
active in the male gonad during sex determination, we analysed testis
development in E12.5–E15.5 Gdnf−/− and Ret−/− embryos. The
gross morphological development of the testes in Gdnf−/− and Ret
−/− mice was indistinguishable from that of littermate controls
from E12.5 to E15.5. Immunoﬂuorescent examination of gonad
sections also showed apparently normal cord formation with SOX9,
AMH, GATA4 positive Sertoli cells with LAMININ outlining cords
(Fig. 2A and B, results shown for AMH and GATA4). In Gdnf−/−
mice all germ cells were located within the testis cords and expressed
the germ cell markers DPPA4, MVH and NANOS2 (Supplementary Fig.
S1). By contrast, the testis cords of Ret−/− mice often contained
populations of MVH negative cells at E15.5 which contained pyknotic
nuclei with enriched DAPI staining suggesting that they might be
undergoing apoptosis (Fig. 2A and B). Based on their location and spacial
arrangement within the testis cords the most likely origin of these
abnormal cells was the germ cell population. Immunoﬂuorescence was
used to analyse the expression of germ cell markers usually expressed
by E15.5 germ cells including MVH, NANOS2, CHK1-P, MILI, FGFR3,0
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Fig. 2. Cord formation is apparently normal in Gdnf−/−and Ret−/−testes, but E15.5 Ret−/− testis cords contain germ cells lacking MVH expression.Immunoﬂuorescence analysis
of E15.5 male wild type, Gdnf−/−and Ret−/−gonad sections. A) GATA4 (green) marks the Sertoli cells whilst MVH (red) staining marks the germ cells. B) AMH (green) marks the
Sertoli cells whilst MVH (red) staining marks the germ cells. DAPI (blue) is included as a nuclear marker. Scale bars; 50 μm (top and middle images) or 6.25 μm (bottom images).
The white dashed line outlines a Ret−/− testis cord containing numerous MVH negative (abnormal) germ cells as indicated by the white arrow.
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2001;Miles et al., 2010; Suzuki et al., 2007;Western et al., 2011; Zeeman
et al., 2002). The MVH positive germ cells in Ret−/− testes expressed
apparently normal levels of NANOS2, CHK1-P, MILI, FGFR3, DPPA4 andW
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Fig. 3. NANOS2 is expressed inMVH positive, but not inMVH negative germ cells in E15.5
Ret−/−testes.Immunoﬂuorescence analysis of E15.5male wild type and Ret−/− gonads.
NANOS2 is shown in green whilst MVH (red) staining marks the germ cells. DAPI
(blue) is included as a nuclear marker. Scale bars; 50 μm. The white dashed line outlines
a Ret−/− testis cord containing numerous MVH negative (abnormal) germ cells as indi-
cated by the white arrow.GCNA (Fig. 3, results shown for NANOS2 and MVH), indicating that
they had embarked on the spermatogenic pathway. However, none of
these proteins (MVH, NANOS2, CHK1-P, MILI, FGFR3, DPPA4 and
GCNA) were detected in the abnormal cells, indicating that despite
their probable germ cell origin, these cells no longer expressed any of
the germ cell markers analysed. These markers were also assessed at
E14.5 and were expressed normally in Ret−/− germ cells (results not
shown).
Germ cells in Ret−/−testes express the apoptosis marker cleaved PARP
and are TUNEL positive
To determine whether the abnormal cells observed in E15.5 Ret−/−
testes were undergoing apoptosis and to ascertain which cell type they
arose from, E14.5 wild type and Ret−/− testes were analysed for the
presence of abnormal cells within the cords. Cord formation in E14.5
Ret−/− testes appeared normal with LAMININ outlining the testis
cords and the Sertoli cells expressing SOX9, AMH and GATA4 (results
not shown). The numbers and location of Sertoli cells in Ret−/− testes
were indistinguishable fromwild type testes and there was no evidence
of additional cells of a non germ cell origin within these cords. Given
the presence of pyknotic nuclei within the cords at E15.5 we analysed
Ret−/− testes for the presence of the apoptosis marker cleaved-PARP.
At E14.5 cleaved-PARP was expressed in a sub-population of MVH pos-
itive germ cells (Fig. 4A) in Ret−/− testes, but was not detected inMVH
expressing germ cells of E14.5 wild type testes, although it was occa-
sionally detected in somatic cells (Fig. 4A). Considering the accumulated
datawe conclude that the apoptoticMVHnegative cells observedwithin
E15.5 Ret−/− testis cords have a germ cell origin.
To quantify the amount of germ cell apoptosis, we analysed E14.5
Ret−/− and wild type testes by TUNEL. Sections were stained with
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Fig. 4. Cleaved-PARP is expressed in a sub population of MVH positive germ cells in E14.5 Ret−/−testes.Immunoﬂuorescence analysis of E14.5 male wild type and Ret−/− gonads.
A) Cleaved-PARP is shown in green whilst MVH (red) staining marks the germ cells. DAPI (blue) is included as a nuclear marker. B) TUNEL is shown in green whilst DPPA4 (red)
staining marks the germ cells. DAPI (blue) is included as a nuclear marker. Scale bars; 200 μm (top and middle panels) or 50 μm (bottom panels). C) Histogram: number of TUNEL
positive germ cells per testis section in wild type, Ret−/− and Gdnf−/− testes. Error bars represent ±SEM, ***=pb0.001.
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Fig. 5. STRA8 and SYCP3 are not are expressed in Ret−/−germ cells.Immunoﬂuores-
cence analysis of E14.5 male Ret−/− testes and female wild type ovaries. A) STRA8
(green), DPPA4 (red) staining marks the germ cells. B) SYCP3 (green), DPPA4 (red)
staining marks the germ cells (DPPA4 is down regulated in female germ cells at this
time point). DAPI (blue) is included as a nuclear marker. Scale bars; 50 μm.
105D.C. Miles et al. / Developmental Biology 365 (2012) 101–109DAPI to identify all cells andDPPA4 orGATA4. The number of cellswithin
testis cords which were TUNEL positive per section was signiﬁcantly
higher in Ret−/− testes compared to their wild type counter parts
(p=0.0003, Student's t-test) with the Ret−/− testes showing a 63%
increase in apoptosis of cells within testis cords (Fig. 4B and C). The
vast majority of TUNEL positive cells were negative for GATA4 and
DPPA4 staining, although occasional DPPA4-TUNEL double positive cells
were detected. TUNEL analysis of E14.5 Gdnf−/− testes did not show a
statistically signiﬁcant difference in germ cell apoptosis compared to
wild type (p=0.063, Student's t-test).
Ret−/−germ cells do not aberrantly enter meiosis
Precocious entry into meiosis in a foetal testicular environment
can lead to germ cell apoptosis (Oliver et al., 1998). To determine
whether Ret−/− germ cells were aberrantly committing to female
development and entering meiosis, we analysed the expression of
the well-characterised meiosis markers STRA8, γH2AX-P, CHK2-P
and SYCP3 in E13.5, E14.5 and E15.5 Ret−/− gonads, using their
male and female wild type counterparts as negative and positive
controls, respectively. Although we readily detected all markers in
female germ cells, these meiosis markers were not detected in wild
type or Ret−/− testes indicatingRet−/− germ cellswere not aberrantly
initiating meiosis prior to apoptosis (Fig. 5, results shown for E14.5
STRA8 and SYCP3).
MVH positive germ cells from Ret−/− and Gdnf−/− mice enter mitotic
arrest by E15.5
As germ cells enter mitotic arrest between E12.5 and E14.5
(Adams and McLaren, 2002; Western et al., 2008; Western et al.,
2011) it was important to determine whether the germ cells in Gdnf
−/− and Ret−/− testes entered mitotic arrest normally. Previously
we established a ﬂow cytometric technique that allows the isolation
of germ cells based on MVH expression and further analysis of these
germ cells for DNA content and proliferation (Western et al., 2008).
The MVH positive germ cells were analysed at E15.5 in wild type,
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were apparent in the proportion of germ cells in G1/G0, S phase or
G2/M (Table 1) in these mouse lines. Of the MVH positive germ cell
population, 94.89±1.65%, 93.41±2.25% and 94.75±0.87% were in
G1/G0 at E15.5 in wild type, Ret−/− and Gdnf−/−mice respectively.
Analysis of EdU incorporation after 2 h of exposure in utero showed
that 2.13±0.88%, 4.17±1.30%, and 2.03±0.35% of the MVH positive
germ cell populations were in S-phase in Ret−/− and Gdnf−/−mice
and their wild type counterparts, at E15.5 (Table 1). This indicates
that the MVH positive germ cells in Ret−/− and Gdnf−/− mice
enter mitotic arrest by the expected developmental stage.
Ret−/− apoptotic germ cells aberrantly express KI-67 and p27KIP1
Despite the normal entry of theMVH positive germ cells into mitotic
arrest in the Ret−/− testes, theﬂow assay cannot be used to analyse the
cell cycle state of theMVH negative population. To circumvent this lim-
itation we used immunoﬂuorescence to analyse testis sections of E15.5
Ret−/−, Gdnf−/− and their wild type counterparts for expression of
p27KIP1 andKI-67, which are normally up regulated and down regulated
respectively in germ cells as they enter mitotic arrest (Western et al.,
2008). In wild type and Gdnf−/− E15.5 testes no KI-67 expression
was detected in the germ cell population (Fig. 6A). However, whilst no
KI-67 expression was detected in the MVH positive germ cells of the
Ret−/− testes, strong KI-67 expression was detected in the MVH
negative germ cells (Fig. 6A). Signiﬁcantly, p27KIP1 was also abnormal
in the MVH negative germ cell population of Ret−/− mice. In both
wild type and Gdnf−/− E15.5 testes the germ cells showed even nuclear
p27KIP1 staining typical of wild type E15.5 germ cells (Fig. 6B). By con-
trast, although theMVHpositive and negative germ cells showed nuclear
localisation of p27KIP1 in Ret−/− testes, the distribution of p27KIP1 in
MVH negative germ cells was distinctly irregular with strong regionally
localised foci (Fig. 6B).
Expression of the GDNF family of ligands in the developing testis
Since loss of Ret results in germ cell apoptosis in the foetal testis, but
loss ofGdnf results in nodetectable phenotype at this stage, we explored
the possibility that another GDNF family of ligands (GFL)membermight
compensate for the loss of GDNF. qRT-PCR was used to analyse the
expression of the GFLs Artemin (Artn), Neurturin (Nrtn) and Persephin
(Pspn) in male and female germ and somatic cells (Fig. 7). At E12.5
Artn was expressed at similar levels in all populations. However,
between E12.5 and E14.5 Artn was up regulated 8 fold in the female
germ cell population as they enteredmeiosis, but remained at relatively
constant, low levels in the somatic and male germ cell populations. At
E12.5 Nrtn was expressed 2 to 3 fold higher in the female somatic cell
population than in the male somatic and male and female germ cell
populations. However, like Artn, Nrtn was then up regulated 8 fold
between E12.5 and E14.5 in female germ cells, but remained at low
levels in male somatic and germ cells. Finally, Pspn was expressed at
relatively constant levels that were 5 to 10 fold higher in E12.5–E15.5
male and female somatic cells compared to the levels observed in
E12.5 and E13.5male germ cells. However, the levels inmale and female
germ cells increased moderately so that by E15.5 they were 2 to 4 fold
higher than at E12.5Table 1
Cell cycle analysis of MVH positive germ cells in E15.5 wild type, Ret−/−and
Gdnf−/−mice.
G1/G0 S G2/M EdU
E15.5 WT n=3 94.89±1.65 4.13±2.18 0.97±0.85 2.13±0.88
E15.5 Gdnf−/−n=3 94.75±0.87 4.91±1.18 0.34±0.34 2.03±0.35
E15.5 Ret−/−n=3 93.41±2.25 3.48±1.24 3.11±1.03 4.17±1.30Discussion
The gonadal environment controls differentiation of germ cells
into spermatogonia in the male, or oocytes in the female. The signals
involved in spermatogonial commitment are unknown, although
recent evidence indicates that TGF beta 2 signalling may be required
for germ cell quiescence (Moreno et al., 2010). This study analysed
the role of GDNF signalling through the receptor RET in developing
germ cells. Previous studies in the mouse have shown that GDNF is
male speciﬁcally expressed in the developing gonads during sex
determination (Beverdam and Koopman, 2006; Nef et al., 2005). In
this study, qRT-PCR analysis of Gdnf in germ and somatic cells FACS
puriﬁed from E12.5–E15.5 male and female gonads conﬁrmed that
Gdnf is exclusively expressed in the male somatic cells (Fig. 1). Analysis
of the Gdnf receptor Ret in FACS puriﬁed male germ and somatic cells
revealed that it is expressed in the male germ cell population between
E12.5 and E15.5. Consistent with this, RET protein has also been
detected in male germ cells at E13.5 (Krentz et al., 2009). Furthermore,
the GDNF co-receptors Gfra1 and Gfra2were also expressed in themale
germ cell population during this developmental period. Finally, loss of
Gdnf or Ret does not result in male to female sex reversal in mice
(Enomoto et al., 2001; Moore et al., 1996; Pichel et al., 1996; Sánchez
et al., 1996), implying that GDNF signalling is not required to determine
somatic cell fate in thedeveloping gonad.However, it iswell established
that GDNF-RET signalling is required for male spermatogonial cell func-
tion post-natally (Meng et al., 2000, 2001). Combined, these results
strongly indicate that GDNF signalling from the testicular somatic cells
is most likely to target the germ cell population. Despite this, the role
of GDNF-RET signalling in mouse embryonic gonad or foetal germ cell
development has remained undeﬁned. This study shows that although
Gdnf−/− germ cells commit to spermatogonial development and
enter mitotic arrest normally, Ret is required for germ cell survival.
Soon after somatic sex determination, male germ cells commit to
spermatogonial development and enter a period of G1/G0 mitotic arrest
(Adams andMcLaren, 2002;Western et al., 2008). To determinewhether
loss of GDNF signalling affected somatic sex determination, wild type,
Gdnf−/−and Ret−/−male gonads were analysed for normal cord
formation (Fig. 2A and B). Morphological and immunoﬂuorescent analy-
sis at E15.5 showed that testis cords formednormally and the Sertoli cells
expressed SOX9, AMH and GATA4 in Gdnf−/− and Ret−/− mice indi-
cating that normal somatic sex determination had occurred. However,
E15.5 Ret−/− testis sections revealed cords that contained abnormal
cells that did not express MVH. These cells contained pyknotic nuclei in-
dicating that theywere undergoing cell death, a conclusion supported by
immunoﬂuorescence staining and TUNEL analysis. Immunoﬂuorescence
using an antibody against cleaved-PARP revealed a sub-population of
MVH positive germ cells, positive for this apoptosis marker in E14.5 Ret
−/− testes but not in wild type testes (Fig. 4). Since cleaved-PARP posi-
tive cells are irreversibly committed to apoptosis (Oliver et al., 1998), this
data strongly supports the conclusion that the cleaved-PARP, MVH
double positive cells are apoptotic germ cells. In support of this TUNEL
analysis showed that E14.5 Ret−/− testis cords contain signiﬁcantly
more apoptotic cells than their wild type counterparts. Although these
TUNEL positive cells do not express DPPA4, MVH or GATA4, based on
their location inside cords and association with other non-apoptotic
germ cells we conclude that the TUNEL positive cells are germ cells
that have an advanced apoptotic phenotype and which are derived
from the cleaved-PARP, MVH double positive population.
Several lines of evidence also strongly support the conclusion that
the pyknotic cells detected at E15.5 in Ret−/− gonads are germ cells
in advanced apoptosis that are also derived from the cleaved-PARP
MVH double positive germ cell population. First, like the cleaved-PARP
MVH double positive germ cells and the TUNEL positive cells detected
in E14.5 Ret−/− testis cords, the pyknotic cells were also detected
only inside the cords of E15.5 Ret−/− testes. Secondly, TUNEL positive
germ cells were signiﬁcantly more prevalent in Ret−/− testis cords
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107D.C. Miles et al. / Developmental Biology 365 (2012) 101–109than in wild type cords and we detected Ret expression at high levels in
germ cells, but it was almost undetectable in somatic cells. Finally, only
two cell types are normally found in testis cords: germ cells and Sertoli
cells. We found no evidence of expanded regions of Sertoli cells within
the testis cords of Ret−/−mice, but strong evidence of apoptotic germ
cells in Ret−/− cords.
The lack of germ cell marker expression in the pyknotic germ cell
population at E15.5 is most simply explained by their apoptotic status.
As RET is known to be involved in cell survival in other contexts (e.g.
neuronal cells) (Golden et al., 2010), the combined evidence supports
the conclusions that the dying MVH negative cells within the cords
are germ cells and RET is required for their survival. Previous studies
have shown that Ret−/− and wild type testes contain a comparable
number of GCNA positive germ cells per testis cord at postnatal day
0 (Naughton et al., 2006). This indicates that the apoptosis of germ
cells may be compensated for whenmale germ cells begin proliferating
or in a second more general wave of germ cell apoptosis at the time of
birth. Alternatively the cords, which contained the apoptotic germ
cells may degenerate and are replaced by expansion of cords containing
viable germ cells.
Analysis of NANOS2 and other male germ cell differentiation
markers at both E14.5 andE15.5 revealed that theRet−/−MVHpositive
germ cells had committed to male germ cell development (Fig. 3)
(Suzuki and Saga, 2008). Furthermore, ﬂow cytometric analysis of the
MVH positive germ cells in wild type, Gdnf−/− and Ret−/− mice
revealed that these cells had entered mitotic arrest by E15.5 (Table 1).
However, since the abnormal germ cells in Ret−/−mice do not express
MVH and would be excluded from the ﬂow cytometric analysis on this
basis, expression of the proliferation and cell cycle arrest markers KI-
67 and p27KIP1 was used to further investigate the proliferation status
of the aberrant germ cells (Fig. 6). The MVH positive germ cells in both
Gdnf−/− and Ret−/− did not express KI-67 but expressed p27KIP1,indicating they were in G1/G0 mitotic arrest (Western et al., 2008).
However, the abnormal germ cells found in Ret−/− testeswere positive
for KI-67, which indicates that these cells were still proliferative prior to
apoptosis. Unusually, these abnormal germ cells also accumulated
strong and irregularly localised p27KIP1 in their nucleus. The presence
of p27KIP1 is counterintuitive as the presence of this cell cycle inhibitor
is indicative of a mitotically arrested state, rather than a proliferative
state (Western et al., 2008). However, one possibility is that the
disrupted localisation of p27KIP1 may interfere with the normal mitotic
arrest promoting function of p27KIP, thereby allowing continued prolif-
eration of these cells.
The physiological signiﬁcance of the apoptotic germ cell population
in the Ret−/− mice is yet to be determined. However, it has recently
been shown that loss of DMRT1 in the germ cell population results in
decreased levels of RET, and sub-populations of these germ cells went
on to form embryonal carcinoma cells and teratomas. In addition it
has been shown that loss of DND1 function in mice normally leads to
germ cell death, but when combined with loss of the cell death gene
Bax on a mixed background, these aberrant germ cells form teratomas
(Cook et al., 2011). Similarly, by breeding Nanos2−/−mice onto a Bax
−/− background, germ cell apoptosis was averted and the germ cells
entered meiosis (Suzuki and Saga, 2008; Tsuda et al., 2003; Western
et al., 2011). Although loss of RET function in C57Bl/6 mice does not
lead to male germ cells forming teratomas or precociously entering
meiosis, analysis of the Ret−/− mice on a Bax−/− background may
provide further insight into the potential for the aberrant germ cell
population in Ret−/−mice to form teratomas.
The apparent partial penetrance of the Ret−/− phenotype is of
interest. Clearly some foetal germ cells survive in the absence of
RET, whilst others undergo apoptosis. Whilst this may not be unusual,
several genes may mediate functional redundancy that may explain
it. For example, the RET co-receptorsGfra1 andGfra2 are both expressed
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108 D.C. Miles et al. / Developmental Biology 365 (2012) 101–109in germ cells at this stage and it has been shown in a motor neuron
derived cell line that GDNF signalling can occur in the absence of the
RET receptor, throughGFRa1 alone (Trupp et al., 1999). It is also possible
that GDNF signalling could occur through the receptor NCAM (Paratcha
et al., 2003). Therefore, in order to overcome this potential redundancy
it would be interesting to examine germ cell targeted Ret /Gfra1 or Ret /
Ncam1 double null mice.
The discordant germ cell phenotype of the Gdnf−/− and Ret−/−
mice is unusual as in other reported cases, Ret−/− animals phenocopy
Gdnf−/− animals (Airaksinen and Saarma, 2002). The absence of a foetal
germ cell death phenotype in the Gdnf−/− mice suggests that an
unknown mechanism may compensate for the loss of GDNF signalling
in foetal germ cells. Another interesting observation is the robust expres-
sion of NANOS2 in the germ cells of Gdnf−/− testes. In contrast to this,
recent analysis of Gfra1−/− mice indicate that NANOS2 is regulated
by GDNF signalling in spermatogonial stem cells (Sada et al., 2011).
However, since NANOS2 is expressed in the foetal germ cells of Gdnf
null mice it is possible that GFRA1 regulates Nanos2 in response to a
ligand other than GDNF, or that compensation for the loss of GDNF res-
cues NANOS2 expression. The most obvious candidate(s) for mediatingthis compensation would be others members of the GFLs. For example,
Nrtn plays a role in the proliferation of postnatal spermatogonia
(Viglietto et al., 2000). However, qRT-PCR analysis of Artn and Nrtn
revealed that both are expressed highest in E14.5 female germ cells,
which are entering meiosis, rather than in male germ cells (Fig. 7)
(Adams and McLaren, 2002; Bakken and McClanahan, 1978; Borum,
1961; Miles et al., 2010). Another GFL, Pspn, was expressed at high
levels in both the male and female somatic cell populations and there-
foremay compensate for loss of GDNF in themale germ cell population.
However, of greater interest is the possibility that RET signalling inmale
foetal germ cells is activated by an unrelated ligand, as is observed in
NGF activation of RET through the receptor TrkA (ofﬁcially known as
Ntrk1) (Tsui-Pierchala et al., 2002). Of particular note, reduced germ
cell survival has been observed in TrkA−/−mouse embryos (Cupp et
al., 2002), and TrkA is 4-fold up regulated as foetal male germ cells
enter mitotic arrest between E13.5 and E14.5 (our unpublished data).
Conclusions
For the ﬁrst time, this study explores the role of GDNF-RET signalling
in the foetal testis.We have shown that GDNF is expressed in the somatic
compartment of the developing testis and its receptor RET is expressed
almost exclusively in male germ cells during the time of mitotic arrest.
Analysis of the Gdnf−/− and Ret−/− mice revealed that although the
receptor RET is required for germ cell survival at E14.5-E15.5, the ligand
GDNF is not. In E15.5 Ret−/− mice the testis cords contain pyknotic
germ cells that no longer express the germ cell marker MVH, but main-
tain expression of the proliferationmarker KI-67 and contain abnormally
localised p27KIP1. Further analysis of the germ cell population in Ret−/−
mice shows that Ret−/− germ cells undergo apoptosis demonstrating
that RET is required for foetal germ cell survival. This study also provides
data supporting the conclusion that signalling through RET is mediated
by a ligand other than GDNF in foetal germ cells. Further analyses of
the signalling pathways required for the differentiation of foetal germ
cells into spermatogonia promises to yield important insights not only
into this developmental process, but also into the formation of germ
cell derived testis tumours which originate from the foetal germ cell
population.
Supplementary materials related to this article can be found online
at doi:10.1016/j.ydbio.2012.02.014.
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